This paper explores the evolution of subtropical cyclone Anita, which occurred near the east coast of Brazil (∼19 • S−37 • W) in March 2010. Thermodynamic and dynamic processes during Anita's lifecycle are investigated using the heat and vorticity budget equations. The cyclone developed with hybrid characteristics and moved anomalously to the southwest where it coupled with an upper level cut-off low during the mature phase. This coupling was the main dynamical mechanism for further cyclone deepening.
Introduction
In recent years, there has been an increase in the number of studies on subtropical cyclones (STCs) occurring in different regions of the globe. Although there is still no widely accept definition, STCs are described as synoptic scale phenomena with a warm core at low levels and a cold core in the upper troposphere, i.e., they present characteristics of both extratropical and tropical cyclones simultaneously (Hart 2003; Davis 2010) . Like their extratropical and tropical counterparts, STCs can directly affect weather conditions over land and sea, producing a variety of hazards, damage, destruction and sometimes significant loss of life.
Some dynamic and thermodynamic processes associated with STC genesis and evolution have been investigated in recent literature (e.g. Guishard et al. 2007 Guishard et al. , 2009 ; Evans and Guishard 2009; Davis 2010; Evans and Braun 2012; Gozzo et al. 2014; González-Alemán et al. 2015; Bentley et al. 2016) but are not yet fully understood. Additionally, the main characteristics and physical mechanisms during STCs development can vary depending on which region of the globe they occur. A brief review of some of these studies is given in the following paragraphs.
For the North Atlantic region, Evans and Guishard (2009) found that STC formation is strongly linked with the equatorward intrusion of an upper level trough in the westerlies over a region of relatively warm sea surface temperature (SST) and weak static stability. More than half of all STCs considered by Evans and Guishard (2009) In the north-central Pacific, the STCs occurring in the cold season are named Kona lows and they have large contribution to the precipitation totals in some regions of Hawaii (Simpson 1952; Morrison and Businger 2001; Otkin and Martin 2004; Caruso and Businger 2006; Moore et al. 2008) . The pioneering work of Simpson (1952) described Kona lows as essentially cold core systems which can, in some cases, develop warm core properties and a wind field similar to that of tropical cyclones. Simpson (1952) describes the mechanism for this as follows:
pressure falls in the upper troposphere (e.g. a merger of a cutoff low with a deepening polar trough) are likely associated with the initial deepening at the surface, which leads to intense precipitation and large release of latent heat (from condensation) near the low center; this release leads to warming and changes of temperature gradients, making the lower core warmer than its surroundings, increasing wind intensities and further deepening the cyclone. Moore et al. (2008) performed a composite analysis of 43 Kona lows and proposed the downstream development as the main dynamical forcing for the STCs geneses.
In the east coast of Australia, intense STCs develop between
25
• S−45
• S throughout the year, mostly in late autumn and early winter (Holland et al. 1987; Browning and Goodwin 2013) . STCs occurring in the Tasman Sea region are known as East Coast
Cyclones (ECCs) and are typically characterized by widespread heavy rainfall (Hopkins and Holland 1997) . ECCs genesis occur in the presence of warm SST anomalies and their intensification is associated with strong zonal SST gradients near to the coastline according to Hopkins and Holland (1997) .
For the South Atlantic basin, Evans and Braun (2012) and Gozzo et al. (2014) and diabatic (latent heat releasing during convection) processes are often important during the development of these hybrid STC structures (Bentley et al. 2016) . According to the American Meteorological Society (AMS) glossary, STCs extract available potential energy from the mean flow, similar to extratropical cyclones, and at the same time they also receive part or most of their energy from convective redistribution of heat originating from the sea, similar to tropical cyclones (AMS 2016) .
From this perspective, Bentley et al. (2016) 
developed a new objective identification technique based on the potential vorticity
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to construct a climatology of STCs that undergo tropical transition over the North Atlantic.
The relative role of dynamic (baroclinic or barotropic instabilities) and diabatic processes (mainly convection) acting during STCs development may also be accessed using the budgets of vorticity and heat. Studies using these equations are important to understand the mechanisms controlling the development of meteorological systems. When computed in synoptic scale, the vorticity and thermodynamic equations usually provide regions/periods of intense values, which are called as residuals. These residuals indicate regions/periods of imbalances that may reflect the presence of intense convective activity. Thermodynamic analyses have been extensively performed in studies investigating extratropical cyclones (e.g. Liou and Elsberry 1987; Hirschberg and Fritsch 1991; Lupo et al. 1992; Rolfson and Smith 1996) and tropical cyclones (e.g. Anita's track was identified at different atmospheric levels (925 hPa and 850 hPa) using an algorithm developed by Sugahara (2000) and later modified by Reboita et al. (2010) , in which cyclones are identified through cyclonic relative vorticity maxima.
The track was also obtained through visual inspection of mean sea level pressure (MSLP) fields to validate the relative vorticity The heat and vorticity budgets in equations 1 and 2, respectively, were computed for all vertical pressure levels and all timesteps (every 6 hours). All terms involving spatial (x, y and p coordinates) and temporal (time) derivatives on the right side of the equations 1 and 2 were calculated using centered finite differences, while the terms on the left side were obtained as residuals of each equation. (Sinclair 1993 ) and hence the residuals should be interpreted with caution.
In equation 1, the left side represents the residual or diabatic term,which includes processes associated with water vapor in the atmosphere, radiative and sensible fluxes (Dutton 1986 ). The vertical profile of this residual allows the interpretation of which of these physical processes is most important. According to Carlson (1991) , the sensible heat flux maximizes near the surface troposphere. In these last two cases, the upward motion maxima tend to occur slightly below the levels of maximum heating (Carlson 1991 Morrison and Businger (2001) . These authors analyzed the main terms of the vorticity tendency equation through vertical profiles averaged over a 275 km radius surrounding the center of a surface Kona low. Sinclair (1993) and Sinclair and Revell (2000) also calculated vertical profiles of the vorticity and thermodynamic budget terms for cyclones, however these authors used a quasi-Lagrangian framework moving with the translation velocity of the cyclone.
Results

Cyclone track and Cyclone Phase Space
Cyclone Anita had a life cycle of almost 10 days, as defined by MSLP, in early March 2010 (Fig. 1) The temporal evolution of MSLP intensity of Anita is displayed in Fig. 1b . It is noteworthy that the MSLP intensity attains its lowest value at the end of Anita's life cycle. Such deepening happens when Anita is moving towards higher latitudes and transitioning to an extratropical cyclone. Also of note is the representation of a weakening stage, prior to this deepening phase.
According to the cyclone track, five timesteps were selected to illustrate the most significant aspects of Anita's evolution (see cross marks and annotations in Fig. 1b) According to the Cyclone Phase Space diagrams ( This hybrid structure was maintained until 0600 UTC on the 10th, i.e., between the mature and the weakening stages (Fig. 2b ).
During this period, the B parameter ( Anita and another extratropical cyclone that was moving eastward at higher latitudes. The upper level core also starts cooling at a maximum rate from 0000 UTC on the 12th (Fig. 2b) .
Synoptic analysis
Spatial fields
Anita's cyclogenesis occurred in a region of pre-existing cyclonic circulation, where a prior cyclone developed one day earlier
This article is protected by copyright. All rights reserved. At 200 hPa, there is diffluence occuring at the trough exit and over Anita (Fig. 4b) , which causes divergence aloft (not shown) and contributes to further increase the rising motion over Anita (see Fig. 7a ). Dynamical support is also provided by the vertical alignment of the trough exit at upper levels, leading to cyclonic vorticity advection increasing with height (see Fig. 9c ), causing strong rising motion at mid levels (see (mostly to the right of the yellow line) have a more spiral-shape pattern, in association to the low pressure core of Anita. Over the center of the surface low, around 31
• S−48
• W, there is a cloud free area resembling the eye structure of tropical cyclones.
In the following hours, however, the convection arising within the core of Anita contributes to weaken the upper level low. Thus, by the weakening stage (1200 UTC of the 10th; Figs. 3d, 4d and 5d), the upper level dipole pattern is still prominent but weaker.
The upper level low shows a smaller amplitude in the streamlines and its core is displaced southeast compared to the previous stage.
The anticyclonic circulation, however, remains almost stationary to the south, preventing the upper level cyclone from moving further towards higher latitudes. Note that, by this stage, Anita has an eastward vertical inclination. Also of note is that there is a large trough in the main stream approaching from the rear of Anita's cut-off low in 200 hPa, which contributes to weaken the dipole pattern. The cut-off low at middle levels also begins to lose intensity, as well as the MSLP core which weakens to 1006 hPa.
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Like its upper counterpart, the surface cyclonic core remains quasi-stationary compared to the prior stage, retrogressing one degree to the north. Even though the low level warm air advection over Anita is intense, the low level moisture flux convergence is decreased. The clouds still produce heavy precipitation and are organized in a closed-circle shape, and the eye over the center of the storm is dissipated as shown in Fig. 6c . Also of note is that another cyclone has developed over eastern Argentina Fig. 3d ).
In ( Fig. 6d) shows Anita displaced far from the coast. • × 10
Vertical profiles
Heat budget
• degree box, for all available FNL pressure levels as a function of time. In Fig. 7a , the vertical profiles were calculated as daily averages (from 00 UTC to 18 UTC) for each stage of Anita, as indicated by the red curly brackets in Fig. 1b. to the mature stage and then decreases slightly during the weakening stage. By the extratropical transition stage, however, there is a cooling tendency at lower levels of the troposphere.
At upper levels (between 500 hPa and 200 hPa), the biggest warming tendencies occur during the intensifying stage. Note that only the intensifying stage presents positive tendencies throughout the troposphere below 150 hPa. The biggest cooling tendencies at upper levels (between 450 hPa and 300 hPa) occur in the extratropical transition stage followed by the mature stage.
Vertical profiles of horizontal temperature advection (Fig. 8b) show that the intensifying and the extratropical transition stages present the greatest upper level warm air advection, which is in accordance with the results of Rolfson and Smith (1996) , where the authors verified that the value of the upper level warm air advection maximum increases with the intensification of surface extratropical cyclones. These maxima of upper level warm air advection occur due to a warm layer in the upper level trough upstream of the surface cyclone (not shown). Previous studies have shown that warm air advection maxima at upper atmospheric levels are a typical feature of extratropical cyclone development (Hirschberg and Fritsch 1991; Lupo et al. 1992; Rolfson and Smith 1996) . From a quasi-geostrophic perspective, warm advection increasing with the height does not contribute to cyclone development. However, some studies point out that warm advection in the upper troposphere may contribute to lower the pressure due to the atmosphere column heating (Hirschberg and Fritsch 1991) . At the lower troposphere (below 900 hPa), the averaged temperature advection is around zero during the incipient and intensifying stages, negative (or cold) during the mature stage and positive (or warm) during the weakening and extratropical transition stages, highlighting the transition. Warm air advection maxima in the lowest levels were also found by Rolfson and Smith (1996) in composites of extratropical cyclones with moderate-to-strong rates of surface deepening. Cold air advection (CAA) predominates from the mature to the extratropical transition stages from 500 hPa to 250 hPa.
The large warm air advection during the intensifying stage above 900 hPa (Fig. 8b) can explain part of the intense upward motions occurring at this stage (Fig. 7a) . In the quasi-geostrophic omega equation, the term which includes the Laplacian of the thermal advection indicates that upward motion occurs in regions of maximum warm air advection (Trenberth 1978) . Similarly, the cold air advection during the weakening stage at upper levels ( Fig. 8b) likely contributes to the concurrent upper tropospheric downward motions at this stage (see Fig. 7a ). (Fig. 8f) does not always oppose the temperature tendencies due to Sw (Fig. 8e) .
During the incipient stage, the averaged diabatic heating at low The following analysis aims to identify the main mechanisms of the thermodynamic equation (Figs. 8b-f ) responsible for the local temperature tendencies (Fig. 8a) . Fig. 8g shows the difference between the local temperature tendency (Fig. 8a ) and the horizontal temperature advection (Fig. 8b) . Values around zero in Fig. 8g indicate that horizontal temperature advection is the main mechanism responsible for the local temperature tendencies.
This occurs mainly in the middle troposphere (between 750 hPa and 350 hPa) during all stages of Anita, except the weakening This article is protected by copyright. All rights reserved.
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stage. On the other hand, the larger values in Fig. 8g, which occur mainly in the lower troposphere, indicate that horizontal temperature advection is not the sole mechanism to influence the local temperature tendencies, as further discussed in the following paragraph. Also note that, during the mature and extratropical transition stages, the sign of the low level local temperature tendency (Fig. 8a) is opposite to the sign of the low level horizontal temperature advection (Fig. 8b) , indicating that there are opposing mechanisms acting to cancel all temperature tendencies caused by horizontal temperature advection. Fig. 8g also represents the sum of Sw (Fig. 8e ) and the diabatic term (Fig. 8f) . By analysing Fig. 8g from this perspective, we can conclude that during Anita's main subtropical phases (i.e., the intensifying and mature stages) the diabatic heating is an important process at low levels, since the positive values indicate that Sw can not counterbalance all diabatic temperature changes. This suggests that low level diabatic heating is essential to the development of Anita, and temperature advection (warm during the intensifying stage and cold during the mature stage) also plays an important role during its evolution. The large diabatic heating at low levels allows Anita to develop a hybrid temperature structure (warm core at low levels and cold core at upper levels). da Rocha and Caetano (2010) the negative values at low levels in Fig. 8g indicate that diabatic cooling occurs to reinforce the negative contributions of Sw to the local temperature tendencies, and both of these mechanisms act to cancel the low level warming tendencies caused by warm air advection (Fig. 8b) . Such negative contributions of Sw are due to adiabatic cooling at low levels, as shown in Fig. 8d . Thus, for Anita, when extratropical transition occurs, warm air advection, adiabatic cooling and diabatic cooling are the main mechanisms responsible for the local temperature tendencies at low levels.
Vorticity budget
Relative vorticity profiles for each phase of Anita are presented in Fig. 9a, and It then increases by the intensifying stage between the lowto middle levels. By the mature stage, cyclonic vorticity is intense and increases from the surface to the upper troposphere, with largest magnitude at 250 hPa (Fig. 9a) . Similar vertical structure evolutions are also found in extratropical cyclones due to the westward tilt with height of the low pressure core, which decreases as the system evolves (e.g. Iwabe and da Rocha 2009).
For Anita, as the upper level cut-off low moves southeastward and dissipates (in the weakening and extratropical transition stages, respectively), cyclonic vorticity weakens at mid-to upper levels ( Fig. 9a) .
At lower levels, the local relative vorticity tendency profile (Fig. 9b) shows that the cyclonic vorticity increases from the incipient to the mature stage. By the weakening stage this pattern of continuous growth of the cyclonic vorticity stalls but is then followed by a further increase during the extratropical transition stage. At mid-and upper-levels, large negative tendencies of local relative vorticity occur during the incipient stage. This indicates a decrease of the weak anticyclonic circulation that predominates above 650 hPa (Fig. 9a) . The intensifying stage also presents intense negative vorticity tendencies at the mid troposphere (Fig. 9b) , which reflects the southwestward movement of the surface low towards the upper level low counterpart (Figs. 3b   and 4b ). By the weakening stage, positive values of local relative vorticity tendencies in all levels indicate a decrease in the intensity of cyclonic vorticity throughout the troposphere. During the extratropical transition stage negative tendencies of local vorticity occur mainly at upper levels (Fig. 9b) as Anita moves towards extratropical latitudes.
The horizontal relative vorticity advection (Fig. 9c) omega equation (Trenberth 1978; Maddox and Doswell 1982) , upward (downward) motion occurs where horizontal cyclonic (anticyclonic) advection increases with height. Thus, the vertical change of the horizontal relative vorticity advection in Fig. 9c can explain part of the vertical velocities (Fig. 7a ) during some stages (e.g. during the intensifying and the extratropical transition stages and the weakening stage at upper levels). Additionally, the spatial field of the horizontal relative vorticity advection (not shown) depicts an area of cyclonic horizontal relative vorticity advection to the southwest of the surface low at low levels during the intensifying stage, contributing to Anita's southwestward motion. Moreover, it is noteworthy to mention that the upper level anticyclonic advection during the weakening stage is the main mechanism responsible for the positive upper level vorticity changes seen in Fig. 9b for this stage.
The vertical relative vorticity advection (Fig. 9d) is contributing to the cyclonic tendencies at mid-and upper levels mainly during incipient, the intensifying, the mature and the extratropical transition stages, partly reflecting the large intensity of the vertical motion, but also indicating that the vertical gradients of vorticity are more intense at these levels and stages. Additionally, these cyclonic contributions from the vertical relative vorticity advection indicate the transport of cyclonic vorticity from lowto upper levels by the convective processes.
Positive (negative) values of the planetary vorticity advection (Fig. 9e) indicate that the mean meridional flow in the box over the surface low is mostly southward (northward). Even though planetary vorticity advection (Fig. 9e) tends to be negatively associated with horizontal relative vorticity advection ( Fig. 9e; Lau 1979), particularly in the mid-latitudes where westerly winds predominate, it can also reinforce the local relative vorticity tendencies due to horizontal relative vorticity advection in some cases, commonly in the subtropics (e.g. during the incipient and mature stages of Anita at upper levels). Fig. 9e shows that the Accepted Article planetary vorticity advection is cyclonic and increases with height from mid-to upper levels during the incipient phase, contributing to the upward motion (Fig. 7a) . For the intensifying and the extratropical transition stages, however, the planetary vorticity advection is anticyclonic throughout the atmospheric column (Fig. 9e) and thus acts to offset some of the cyclonic tendencies at middle and upper levels due to horizontal relative vorticity advection (Fig. 9c) .
The profile of the tilting term (Fig. 9f) shows a large amount of cancelation with the profile of vertical relative vorticity advection (Fig. 9d) The vorticity due to divergence, also known as the stretching term, includes contributions from the vorticity and divergence product (ZD), and from the planetary vorticity and divergence product (FD), as in the analyses of Morrison and Businger (2001) .
Contributions from ZD are usually smaller than those from FD, and some studies explore them individually (e.g. Grotjahn 1996) .
Convergence of mass in the atmosphere is related to shrinking of the vortex tubes and consequent production of cyclonic vorticity, with the opposite being true for divergence (Martin 2006, 132−133) . The profile of vorticity due to divergence (Fig. 9g) for Anita indicates that, at low levels, convergence is the main process responsible for the cyclonic vorticity tendencies, with the intensifying stage showing the most intense contributions of convergence below 800 hPa. Karyampudi and Pierce (2002) investigated the formations of three tropical cyclogenesis cases over the Eastern Atlantic and also found that cyclonic tendencies at low levels are predominantly contributed by the stretching term, as a result of low-level convergence. During the weakening stage of Anita, divergence (not shown) is the main forcing for the anticyclonic tendencies in the 750 hPa to 350 hPa layer.
Also of note is that, during the incipient stage at upper and middle levels, cyclonic horizontal relative vorticity advection (Fig. 9c) , planetary vorticity advection (Fig. 9e) and vorticity due to divergence (Fig. 9g) are the main components contributing to the observed local relative vorticity tendencies (Fig. 9b) . Note, however, that the negative contributions of the vertical relative vorticity advection (Fig. 9d ) are mostly cancelled out by the positive contributions of the tilting term (Fig. 9f) Throughout all stages of Anita, the residual vorticity profile (Fig. 9h ) acts mainly as a function of the divergence term profile (Fig. 9g) , showing opposite contributions and reducing its influence on the local relative vorticity tendencies. It is important to emphasize that, at some regions and atmospheric levels, the divergence of mass is strongly related to the vertical motion.
Thus, it is interesting to analyze if convection is acting as a strong forcing for the observed vorticity imbalances given that convective process are also related to the vertical motion. This issue is explored in the next section. Reed and Johnson (1974) explored the vorticity budget in ridge and trough regions of easterly wave disturbances in the tropical western Pacific. They found that, over the region of most intense convection, the residual vorticity acts like an apparent sink of cyclonic vorticity in the lower troposphere and an apparent source of cyclonic vorticity at upper levels. Virji (1982) analyzed the upper tropospheric vorticity budget over the tropical and subtropical South America and found a spatial correlation between patterns of vorticity imbalances and intense cumulus Accepted Article convective activity, suggesting that the vertical advection of vorticity by subgrid-scale convection greatly influences vorticity tendencies.
Association between the residual fields
For Anita, the residual vorticity profiles in Fig. 9h show, for the lower troposphere, a similar pattern of that found by Reed and Johnson (1974) Reed and Johnson (1974) and Virji (1982) also apply to the regions of great convective-scale motions associated with Anita.
We have carefully examined these spatial patterns in all pressure levels, and chose to display here the fields for 925 hPa, where associations between the residual fields are more apparent and where all stages present a consistent sink of cyclonic vorticity (see Fig. 9h ). Thus, Fig. 10 shows, for 925 hPa, the diabatic term of the thermodynamic equation ( In these regions, convection would explain part of the vorticity imbalances. It is interesting to note that, over these regions, the spatial distribution of the residual vorticity (Fig. 10) seems to be negatively associated with the spatial distribution of the stretching term (Fig. 11) . Moreover, in these regions, the diabatic term (Fig. 10 ) also seems to be negatively associated with Sw (Fig. 11 ). An example of the described associations occurs during the intensifying and the mature stages over Anita, when areas of intense diabatic heating are located over the surface low, coinciding with an apparent cyclonic vorticity sink (see Figs In contrast, over regions where there is no clear association between the residual fields, vorticity due to divergence does not seem to be well associated with the residual vorticity, and likewise Sw does not seem to be well associated with the diabatic term.
The patterns described can be explained as follows. Positive It is important to remember that other subgrid-scale processes (other than convection) which could not be resolved by the synoptic scale variables or included in the equations can also influence the vorticity tendencies. Moreover, it is important to highlight that, at upper levels, these associations between the residual fields are not as evident as in low levels, because both the residual vorticity and the stretching term field at upper levels are noisier, and because at upper levels the stretching term is not so well associated with the vertical motion field.
Summary and conclusions
This paper has explored the synoptic, dynamic and thermodynamic evolution of a subtropical cyclone which occurred over During all stages, it was found that: 1) convergence was the main process responsible for the cyclonic tendencies in the lower troposphere; 2) diabatic temperature changes mostly opposed the temperature changes caused by Sw at mid-and upper-levels; and 3) the residual vorticity primarily acted to destroy some of the vorticity changes due to processes of convergence and divergence.
Associations between the residual vorticity field and the residual of the thermodynamic equation field were also examined to verify how synoptic-scale convective processes relate to the vorticity tendencies. In general, over Anita and its surroundings, in regions and levels with upward motion (Sw < 0) where such associations occur, apparent sinks of cyclonic vorticity were related to negative vorticity due to divergence (i.e., convergent flow), whilst apparent sources of cyclonic vorticity were related to positive vorticity due to divergence (i.e., divergent flow).
Moreover, these associations between the residual vorticity and thermodynamic fields were found when the following conditions were satisfied:
1. The residual vorticity should primarily be a function of the stretching term, with opposite contributions;
2. Diabatic heating should primarily be a function of Sw, which is commonly negative for upward motion.
Condition (1) implies that the residual vorticity should be related to convergence/divergence of the flow, which at some atmospheric levels and regions is strongly associated with upward motion, which is in turn related to convective activity. Condition (2) implies that diabatic heating should be mostly due to upward motion, therefore also matching the condition of being related to convective activity. Thereby, it was found that over Anita and its surroundings, there were some regions and levels where convection played an important role in the local relative vorticity tendencies. When no clear associations between the residual fields were found, it was hypothesized that convection likely also influences the local relative vorticity tendencies, but more evenly throughout the troposphere.
